Cranial radiation therapy is commonly used in the treatment of childhood cancers. It is associated with cognitive impairments tentatively linked to the hippocampus, a neurogenic region of the brain important in memory function and learning. Hippocampal neurogenesis is positively regulated by voluntary exercise, which is also known to improve hippocampal-dependent cognitive functions. In this work, we irradiated the brains of C57/BL6 mice on postnatal day 9 and evaluated both the acute effects of irradiation and the effects of voluntary running on hippocampal neurogenesis and behavior 3 months after irradiation. Voluntary running significantly restored precursor cell and neurogenesis levels after a clinically relevant, moderate dose of irradiation. We also found that irradiation perturbed the structural integration of immature neurons in the hippocampus and that this was reversed by voluntary exercise. Furthermore, irradiation-induced behavior alterations observed in the open-field test were ameliorated. Together, these results clearly demonstrate the usefulness of physical exercise for functional and structural recovery from radiation-induced injury to the juvenile brain, and they suggest that exercise should be evaluated in rehabilitation therapy of childhood cancer survivors.
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exercise ͉ juvenile ͉ open field ͉ radiotherapy ͉ stem cell R adiation therapy is an important treatment for primary or metastatic tumors located close to or within the central nervous system (CNS) in both adults and children. Improved survival rates and longevity of juvenile cancer patients now reveal debilitating late effects of radiation therapy for brain health (1) (2) (3) , including significant attention deficits and learning problems in later life (4, 5) .
The hippocampus is known to be important in memory function (6, 7) . In addition, the lifelong birth of new granule neurons in the dentate gyrus (DG) of rodents and humans (8, 9 ) is assumed to be important for maintaining memory function. Even at low doses, irradiation reduces the number of proliferating cells in the DG of rodents by increased apoptotic cell death, indicating particular vulnerability of progenitor cells to ionizing radiation (10) (11) (12) (13) (14) . In humans, radiotherapy severely decreases the numbers of immature neurons in the hippocampus (15) . Irradiation-induced decreases in neurogenesis have been linked to significant hyperactivity and cognitive impairments (16) (17) (18) (19) . Voluntary running is known to increase cell proliferation and neurogenesis in the hippocampus of rodents (20) (21) (22) , with concomitant improvements in cognitive function, spatial memory, and learning (23) (24) (25) . Exercise also significantly alters the microenvironment of the hippocampus in rodents, with increased growth factor expression (26, 27) and synaptic plasticity (28, 29) . In humans, exercise is known to improve cognitive function (30, 31) and to reduce the onset and progression of dementia, as recently reviewed (32) . Furthermore, improved cognitive function has been correlated with the effects of exercise on neurogenesis in the hippocampus (33) .
We hypothesized that voluntary running in adulthood after irradiation of the young brain would help to reduce the negative effects on neurogenesis and hippocampus-related behavior. We irradiated C57/BL6 mice on postnatal day 9 (P9) with a moderate, clinically relevant dose of 6 gray (Gy). At 9 weeks of age, mice were introduced to a running wheel, and after 4 weeks, behavior was tested in the open-field paradigm. Hippocampal progenitor activity was then analyzed histologically.
Results

Irradiation Dramatically Reduces Precursor Cell Proliferation in the
Young Mouse Brain. Mice (n ϭ 4 per group) were subjected to 6-Gy irradiation or sham-irradiation at P9, and progenitor proliferation was analyzed at 36 h after irradiation [supporting information (SI) Fig. S1 A] . A severe loss (85%) of proliferating cells in the DG was observed (Fig. S2 A) . This decrease in cell proliferation was observed throughout the entire hippocampal formation, confirming the deleterious effect of irradiation at this dose on progenitor proliferation in the developing brain ( Fig. S2 B and C) (14, 34) .
Voluntary Running Increases the Stem Cell Pool and Neurogenesis in
the Dentate Gyrus of Irradiated Mice. We evaluated the long-term effects of irradiation at P9 on adult neurogenesis. BrdU was injected 8 weeks after irradiation to label adult generated cells. In addition, we introduced running wheels to half of the animals to study compensatory effects that voluntary exercise may have after irradiation (n ϭ 6 per group; Fig. S1B ). We recorded running wheel activity and found no difference in the average daily running distance in irradiated mice compared with nonirradiated mice (data not shown).
To assess changes in the stem cell pool, colabeling of glialfibrillary acidic protein (GFAP) and the transcription factor Sox-2 was performed, which is indicative of radial glia-like stem cells (35, 36) Similar results were found when Sox-2 was quantified as a single marker (Fig. S3) .
Neurogenesis was assessed by analysis of BrdU in combination with the neuronal marker NeuN. A significant increase in the percentage of new cells that became neurons in the shamirradiated running mice compared with sham-irradiated nonrunning controls was observed (run: 81 Ϯ 1.2% vs. sham: 72 Ϯ 3.1%; Fig. 2A ; P Ͻ 0.05). Although irradiation alone had no effect on the percentage of cells that became neurons ( Fig. 2 B and D-G; P Ͻ 0.01). In irradiated running mice, there was a significant increase (275%) in the number of newborn cells becoming neurons compared with irradiated nonrunning mice (Fig. 2 B and D-G; P Ͻ 0.01). At P93, we found a decrease in granule cell layer (GCL) volume in irradiated nonrunning mice compared with sham-irradiated nonrunning mice, demonstrating the long-lasting effects of irradiation on GCL volume ( Fig. 2C ; P Ͻ 0.05). However, there was no significant difference in GCL volume in the irradiated running mice compared with all other groups.
mice (
Voluntary Running Rescues Cranial Irradiation-Induced Alterations in Doublecortin (DCX) Cell Formation and Orientation Within the DG.
DCX is expressed in neuronal precursors and immature neurons (37) (38) (39) . We found an increase in the number of DCX-positive cells in the sham-irradiated running animals compared with sham-irradiated nonrunning mice, confirming the strong effect that running has on hippocampal neurogenesis (Fig. 3A) . As expected, irradiation decreased the number of DCX-positive cells in the irradiated nonrunning mice compared with shamirradiated nonrunning mice ( Fig. 3A ; P Ͻ 0.01). These results highlight the detrimental effects of irradiation on immature cells committed toward a neuronal lineage. However, the apparent increase in DCX numbers in irradiated mice after running was not statistically significant (Fig. 3A) . Double labeling of DCX with the proliferation marker phosphohistone H3 revealed very few double-positive cells (maximum of eight cells) in the DG (data not shown).
To discern whether irradiation and/or running altered the integration of immature cells into the DG, we analyzed the orientation of the leading apical process in DCX-positive cells, which later develops into the single dendritic tree of the mature granule cell (Fig. 3D) . We used a compass system (see SI Methods) to determine the angle of the leading process in relation to the cells position along the subgranular zone (SGZ) border (Fig. 3B) . We found that DCX-positive cells in shamirradiated mice had an average leading process angle of 24 Ϯ 3°, but after irradiation, the angle was significantly altered to 56 Ϯ 5° (Fig. 3 C-G ; P Ͻ 0.001). Interestingly, we found that the orientation of the lead process in the irradiated running mice was reversed to the sham-irradiated angle (25 Ϯ 3°; Fig. 3 C-G) . 
Voluntary Running Ameliorates Irradiation-Induced Behavioral
Changes.
We used the open-field test, designed to measure alterations in a wide range of behavioral features, including locomotor behavior, spatial variability, and exploratory behaviors. We found that mice subjected to irradiation were clearly separated from sham-irradiated mice, indicating that these two groups of mice have different behavior patterns ( Fig. 4A ; each point represents an individual mouse). Irradiated mice subjected to exercise altered their behavioral pattern toward the direction of sham-irradiated mice, indicating that running alleviates irradiation-induced behavioral alterations. For example, irradiated mice revealed increased exploratory rearing frequency, increased numbers of stops, and increased meandering after irradiation (Fig. 4 B-D ; P Ͻ 0.01). Furthermore, these irradiation-induced behavioral alterations, except meandering, were reversed by voluntary running (Fig. 4 B-C; P Ͻ 0.05).
Discussion
The present work demonstrates that voluntary physical exercise after cranial irradiation in the mouse enhances hippocampal neurogenesis. We were able to show normalized morphology of DCX-positive cells after exercise in irradiated animals. In addition, voluntary running improved long-term behavior after irradiation, highlighting the beneficial effects of running on both structure and function in the hippocampus after irradiation. Prenatal stress decreases hippocampal neurogenesis and cognition into adulthood (40) , indicating the importance of developmentally appropriate levels of neurogenesis for hippocampal function. Stimulation during the postnatal period, at least partly counteracts these deleterious effects. Moreover, exercise during pregnancy can up-regulate postnatal neurogenesis in the offspring at P9 (41). Voluntary exercise is also able to compensate for decreased levels of proliferation induced by prenatal ethanol exposure (42) . In addition, an enriched environment is effective in boosting neuronal numbers and enhancing cognitive function after status epilepticus in P20 mice (43) . Taken together, these studies demonstrate that early postnatal manipulations can have profound effects on proliferation, neurogenesis, cell survival, and cognition. We now demonstrate that the deleterious effects seen after irradiation of the young brain can be compensated by voluntary exercise later in life.
When we used the linear quadratic model (44) and an ␣/␤ ratio of 3 for late effects in normal brain tissue, the acute exposure of 6 Gy used in this work is equivalent to 12 Gy when delivered in 2-Gy fractions. Even higher doses are used to treat malignant brain tumors, up to 55 Gy to the actual tumor location, with various doses deposited in surrounding tissue. Children suffering from leukemia relapses are treated with 18 Gy whole-brain fractionated irradiation to prevent CNS involvement; we therefore believe the dose used is moderate and clinically relevant. A recent study that used a single dose of 4 Gy, with no treatment after irradiation, showed reversible effects of irradiation on neurogenesis in the DG in the adult brain (45) . Although we did not observe a similar level of spontaneous recovery when we used 6 Gy, it is important to note that not all proliferating cells in our animals were ablated immediately after or up to 3 months after irradiation. However, we found a population of proliferative GFAP/Sox-2 positive, radial glia-like stem cells that were drastically reduced even 3 months after irradiation. In our irradiated animals, 4 weeks of voluntary running was sufficient to rescue this population of stem cells and to restore neurogenesis levels. These data suggest that voluntary running acted to Irradiation also increased the movement path (meandering, degrees per cm) compared with sham-irradiated nonrunning animals. * , P Ͻ 0.05; ** , P Ͻ 0.01.
stimulate the expansion of a residual endogenous stem cell population in the hippocampus after 6-Gy irradiation. A recent study suggests that social isolation (individually housed rats) delays the positive effects of running on progenitor proliferation (an increase was seen only after 48 days) (46) . However, contrary to these findings, we observed a significant increase in precursor cell and mature neuronal numbers in individually housed mice with access to running wheels (for 28 days). These results indicate that social isolation of running animals in our mouse model is not necessarily detrimental to enhancing stem cell numbers and neuronal outcome.
Hippocampal neurogenesis can be regulated at multiple points, by regulating the number of cells generated and also by regulating the integration of DCX ϩ cells into the neuronal network (47) . However, we found few DCX/phosphohistone H3 double-positive cells in all animals, suggesting that we see no expansion of the subpopulation of DCX-positive cells, as discussed elsewhere (48, 49) . To assess further the effects of irradiation on immature neurons, we measured the orientation of the leading process from the DCX-positive cell body as an indicator of structural integration. We found a significantly altered angle after irradiation that was normalized after voluntary running. Structural integration is necessary for the continued presence and proper function of newly formed neurons in the hippocampus. Consequently, immature neurons are highly responsive and contribute quickly to the function of the DG (50-52), but they are also susceptible to developmental death (53, 54) . After irradiation, the leading process from the majority of the DCX-positive cells did not extend correctly from the GCL into the molecular layer. This likely affects network integration and possibly contributes to altered behavior. If so, restoring functional integration of immature neurons in the hippocampus after irradiation by voluntary running may be an important mechanism whereby behavioral improvement was achieved.
We found behavioral changes in irradiated mice that are to some extent indicative of hippocampal damage (55, 56) . Although in some instances, cranial irradiation causes limited impairment of some hippocampal-dependent learning and memory tasks (11, 16, 18, 57) , cranial irradiation can also lead to behavioral changes similar to those seen in attention deficithyperactivity disorder (ADHD) (58, 59) . Furthermore, cranial irradiation causes learning disabilities in children, suggested to be caused by poor attention and deficient working memory rather than a low intellectual level (60) . The increased activity observed after irradiation was ameliorated by voluntary running, and these mice approached a behavioral pattern similar to the nonirradiated animals. Thus, physical exercise induced both qualitative and quantitative changes in hippocampal structure and function and concomitant behavioral improvement of ADHD-like symptoms.
In the P9 mouse, the hippocampus is still undergoing development, corresponding in humans to Ͻ3 years of age. It may be assumed that the young developing brain, with a higher level of neurogenesis, is more plastic and could more easily compensate for morphological damage. Experimental and clinical evidence, however, points in the opposite direction (58) . Cognitive and endocrine late effects after radiation therapy are much more severe in young children, so this treatment modality would not be considered for brain tumor patients younger than 4 years of age, except for palliative purposes. Negative consequences on cognitive function will get worse with time, such that the differences between the treated children and their peers will grow bigger year by year (61) . In this context, our results are encouraging, indicating that irradiation-induced damage even in the young brain can to some degree be compensated for through later therapeutic intervention, such as physical exercise.
In conclusion, this work demonstrates that voluntary exercise restores the radiation-injured hippocampal stem cell pool, increases neurogenesis, and alters immature neuronal cell orientation after a moderate dose of irradiation. From a clinical perspective, our work indicates that the functional deficits observed in pediatric patients after radiation therapy are not irreversible and may be amenable to treatment; therefore, exercise should be evaluated in rehabilitation therapy of children after radiotherapy to the brain. We believe it is important that a small number of stem cells survive the radiation treatment to participate in the restructuring process. Selective shielding of the hippocampus or careful fractionation of the irradiation dose could contribute to improving the long-term prognosis and efficacy of rehabilitation therapies, including physical exercise.
Methods
For a full description of all materials and methods, see SI Methods.
Animals. Adult, male C57/BL6 mice pups (Charles River Breeding Laboratories) were used for all experiments. Animals were housed at a constant temperature (24°C) with a relative humidity of 50 -60%. A 12-h dark/light cycle was maintained with lights on from 19:00 to 7:00 with food and water available ad libitum. All procedures described were conducted in accordance with and after approval from the Swedish Animal Welfare Agency (Gothenburg animal ethics application no. 407-2004).
Irradiation Procedure. Mouse pups aged 9 days (P9) were anesthetized and sham-treated or exposed to bilateral cranial irradiation by using a linear accelerator (Varian Clinac 600 CD; Radiation Oncology Systems) as described in ref. 34 . A total dose of 6 Gy was given to each mouse. After irradiation, the pups were returned to their biological dams.
Statistical Analysis.
Values are expressed as mean Ϯ SEM. Data were analyzed by using a relevant ANOVA followed by post hoc comparisons with a Newman-Keuls test to determine differences between groups. Open-field data were evaluated as described in ref. 62 . In addition, group comparisons for individual variables were analyzed with a nonparametric one-way ANOVA (Kruskal-Wallis) followed by Mann-Whitney U test for significance.
